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ABSTRACT 
Solvent extractions of many of the lanthanide ions in both single ion and mixed 
ion environments have been carried out. These cations were first complexed with an 
aqueous complexing agent and were extracted with DEHP A ( di-2-ethylhexylphosphoric 
acid) in an organic phase (kerosene). The experiments were designed to measure the 
rates of extraction in the hope that separation factors might be enhanced under non­
equilibrium conditions. The complexing agents tried include ethylenediaminetetraacetic 
acid (EDTA), tetraethylenepentamine (tetraen), nitrilotriacetic acid (NTA), and 
diethylenetriamine ( dien). These represent a hexadentate, pentadentate, tetradentate, and 
tridentate agent respectively. EDTA was determined to give the best results for non­
equilibrium solvent extraction. Mixed ion solvent extraction results yielded separation 
factors with little to no improvements over equilibrium solvent extractions in most cases. 
The rate of extraction decreased uniformly across the series. After numerous repetitions, 
the sole exception is the Er/Yb system. In this system, the non-equilibrium extraction 
was markedly better. 
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A. Introduction 
CHAPTER 1 
BACKGROUND 
Lanthanides were first discovered in 1839 by the Swedish surgeon C. G. 
Mosander. 1 He examined the oxides, ceria, discovered by M. H. Klaproth, J. J. Berzelius, 
and W. Risinger, and yttria, discovered by A. G. Ekeberg. These oxides were found to be 
mixtures from which, by 1907, the oxides of scandium, yttrium, lanthanum, and the 
thirteen lanthanides other than promethium were isolated. As they were then, these 
elements are still difficult to separate. 
The interest in lanthanide elements was restricted to scientific investigations until 
1891. In that year, the Austrian chemist C. A. von Welsbach developed his ThO2/CeO2-
based incandescent lamp mantle, which has not been bettered. 2 Lanthanides now 
assume a more important role in modem society. For example, Nd-Fe-B permanent 
magnets have the highest field strength of any permanent magnet. High-temperature 
superconductors, sensors, fluorescent materials, magneto-optical discs, batteries, and 
metal alloys employ lanthanides in their fabrication. Lanthanides are also used as 
catalysts in organic synthesis. Radioactive isotopes of Y, Dy, Er, and Sm are applied as 
radiotherapeutic reagents. Sm and Gd are used as neutron poisons to control unwanted 
criticality events in the handling of nuclear materials. Gadolinium compounds are 
finding increased use as magnetic resonance imaging reagents for medical diagnosis. 3 
Lutetium oxyorthosilicate is the matrix for an excellent gamma-sensitive scintillator. 
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Many of these new industrial applications require the lanthanide to be very high 
purity, typically 99.9% to 99.999% or higher. The lanthanides must be rigorously 
separated from each other to achieve this purity. The lanthanides have very similar 
chemical and physical properties, which make such separations very difficult. This close 
resemblance is attributed to the fact that the elements differ, as their trivalent ions, only in 
the number of 4f electrons which are buried beneath the outer electrons.4 The ionic radii 
differ by an average of about 1.5% from one element to the next. 5 
As the demands for higher purity increased, fractional crystallization of the 
hydroxides, oxalates, mixed sulfates, or mixed nitrates was replaced by ion exchange in 
the 1940s.6 
Ion exchange is a two-phase reaction in which ions are transferred from an 
aqueous solution to a solid resin. The solid resin could be an anion exchanger or a cation_ 
exchanger. Of the two methods, cation exchange is used far more frequently in 
lanthanide separation. The generalized equation for the cation exchange of lanthanide 
cations is: 
Ln+3 +3NR�LnR3 +3� (1) 
where Ln is the lanthanide, N is a univalent cation such as Ir and R is the functionalized 
resm. A generalized equation for the anion exchange of a lanthanide complex anion is: 
LnXm-
0 + nRY � R..LnXm + nY (2) 
where X is a complexing anion for the lanthanide and Y is an exchangeable anion on the 
resin. These systems are chemically simple, but they are batch-type systems as opposed 
to a system which involves continuous input and continuous output. Additionally, large 
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eluent volumes are usually required, which makes additional concentration steps 
necessary. 7 
B. Solvent Extraction 
1. Equilibrium Extraction 
For practical large-scale industrial separation, solvent extraction is almost always 
the current technique of choice. 8 Solvent extraction is another two-phase exchange 
process that involves the partitioning of an ion or compound between two immiscible 
phases. For metal ions such as lanthanides these immiscible phases are generally an 
aqueous solution and an organic solution. The organic phase is made up of a water­
insoluble extractant, designed to preferentially attach to the metal ions, and a diluent. 
Typical diluents are: chloroform, toluene, hexanol, hexanes, xylene, benzene, and 
kerosene. The simplified generalized equation for the solvent extraction separation of the 
lanthanide ions is: 
Ln +J + 3HR � LnR3 + 3Ir (3) 
Where HR is the extractant and the overbar indicates that the species is in the organic 
phase. 9 In a typical lanthanide solvent extraction separation process, an aqueous solution 
of one or more lanthanide salts is mixed with an organic phase containing a lanthanide 
extractant. The two phases are allowed to settle and then physically separated to undergo 
possible further treatment. The solvent extraction separation process transfers hydrogen 
ions from the extractant in the organic phase into the aqueous phase. The pH of the 
3 
aqueous phase is therefore decreased. This indicates that the separation process 
described in (3) is pH dependent. 6 
The efficiency of a solvent extraction system for a single ion can be evaluated 
using two different numbers: either the extraction equilibrium constant (Kex) or the 
distribution coefficient (D).9 Kex is the equilibrium constant for the reaction represented 
by equation (4): 
[LnR3)[lr]3 
Kex = --- (4) 
[Lo +3] [HR]3 
Solvent extraction systems utilizing different extractants will have different Kex values 
for different lanthanide ions. If Kex is large, then the extraction has a high affinity for the 
lanthanide ion and the solvent extraction process is efficient. The D of a solvent 
extraction system for a lanthanide is often very closely related to Kex and is defined as: 
[Ln]o 
D=- (5) 
[Ln]a 
where [Ln ]0 is the total concentration of the lanthanide in the organic phase and [Ln ]a is 
the total concentration of the lanthanide in the aqueous phase. A large D indicates an 
efficient extraction. 
When two elements are present, the Kex or D values can be combined to describe 
the separation factor (�) of the two elements for a given solvent extraction system. 11 The 
separation factor is defined as: 
4 
(6) 
Where DLnI and DLn2 are the distribution coefficients of two lanthanide ions and Kex1 and 
Kexi are the extraction equilibrium constant of the two lanthanide ions. The separation 
factor in a solvent extraction process is usually written such that it is greater than one and 
a large p indicates an efficient separation process. Many different extractants have been 
investigated for the solvent extraction separation of the lanthanide ions. These 
extractants can be grouped into two broad categories: those that contain phosphorus and 
those that do not. All of these extractants can be evaluated with either Kex or D for the 
elements to be separated and the p of the separation. 
Sulfonic acids, carboxylic acids, P-diketones, hydroxyketones, hydroxyacids, 
hydroxyquinolines, pyrazolones, phenylhydroxylamines and in particular 
organophosphorus extractants like mono-2-ethylhexyl-(2-ethylhexyl)phosphonic acid and 
di(2-ethylhexyl)phosphoric acid can be used.3 Most industrial processes employ the 
phosphorus containing reagents. 
The general reaction for the extraction of lanthanide ions can usually be described 
by the following equation: 
Ln +l + 3H2R2 � Ln(HR2)3 + 3W (7) 
where H2R2 is the acidic extractant in its dimerized state. It is generally known that many 
acidic extractants form dimers in many organic solutions. The correct combination of 
extraction pH, organic solvent, and extractant very often results in satisfactory separation. 
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Nevertheless, despite the ease of the entire procedure, all standard extractants generally 
suffer from insufficient selectivity ( small � values) and/or low extraction capabilities. 
2. Non-Equilibrium Extraction 
The addition of an aqueous chelating agent to a solvent extraction system creates 
a thermodynamic competition for metal ions. 12 The metal ions are masked from the 
organic extractant by the complexing agent. The stability constant for each metal ion 
chelate determines the relative masking. The general trend is as one goes across the 
lanthanide series the masking effect becomes greater. The thermodynamic competition 
often helps to increase the selectivity (separation coefficient�) as has been observed in 
many extractions. The most popular water soluble chelating agents employed are 
aminopolyacetates, such as ethylenediaminetetraacetic acid (EDT A) and 
diethylenetriaminepentaacetic acid (DTP A). By selecting the right complexing agent, 
organic extractant, and extraction pH, the experimenter can either preferentially extract 
the desired ions into the organic phase or hold them in the aqueous phase and 
preferentially extract the non-desired ions. The first example of this competition used 
DTP A as the aqueous complexing agent to selectively extract trivalent lanthanides over 
trivalent actinides. 13 
The stability constants of complexes formed between trivalent lanthanide ions and 
simple hard ligands should generally increase across the lanthanide series as the ionic 
radii decrease.3 Table l on the following page illustrates this for the EDTA and NTA 
complexes. 
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Table 1. Lanthanide Periodicity 
Stability Ionic 
Lanthanide Radii 
CN14,1s,1, Constant17 
(A)1 
LogK 
EDTA 
La 103.2 9.13 15.5 
Ce 101.0 15.98 
Pr 99.0 9.22 16.40 
Nd 98.3 8.90 16.61 
Sm 95.8 8.8 17.14 
Eu 94.7 8.3 17.35 
Gd 93.8 17.37 
Tb 92.3 8.18 17.93 
Dy 91.2 7.93 18.30 
y 90.0 18.09 
Er 89.0 8.19 18.85 
Tm 88.0 8.12 19.32 
Yb 86.8 19.51 
Lu 86.1 7.97 19.83 
Dissociation 
Rate 
Constant18 
EDTA 
(s1M-1) 
7.0 * 103 
1.6 * 103 
6.6 * 102 
6.0 * 102 
87 
31 
12.3 
8.9 
0.76 
Stability 
Constant19 
LogK1 
NTA 
10.47 
10.7 
10.88 
11.11 
11.83 
11.3 
11.43 
11.5 
11.62 
11.41 
11.9 
12.1 
12.08 
12.4 
Stabili
' Constan o,2t 
LogK2 
NTA 
6.64 
7.27 
7.66 
7.86 
8.09 
8.15 
8.28 
8.36 
8.02 
8.20 
8.47 
8.53 
8.60 
The rate of dissociation of the EDT A complex decreases with decrease in the 
ionic radii illustrating that the complex is becoming less labile as one moves across the 
series. 
The purpose of this research will be to investigate the rate of extraction of 
lanthanides from aqueous solutions containing lanthanide complexes into kerosene 
containing an extractant. It is possible that such rates may be controlled or influenced by 
rates of dissociation of the complexes and/or rates of exchange of complexing or metal 
ions with lanthanide complexes. Several kinetic studies of exchange reactions have been 
found in the literature The mechanism of dissociation of the lanthanide EDT A complex 
has been described by the following equations18•22-24: 
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Ln(OH)EDTA-2 -> Ln(OHt2 + EDT A 4 ko1 (8) 
LnEDTA- > Ln+3 + EDTA4 ko (9) 
Ln(EDTA)H-> Ln+3 + H(EDTAr3 k1 (10) 
Ln(EDTA)Ht-> Ln+3 + H2(EDTAr2 k2 (11) 
Since many of these studies are performed in the acidic region, equation 1 is 
generally ignored in the rate expression. Equation 12 describes the expression for the 
rate constant/in the above system. 
I= ko + k1[WJ + k2[WJ2 (12) 
D'olieslager and Choppin looked at the exchange kinetics between La(EDTAr -
Eu(l11). 22 The spontaneous dissociation of the La(EDT Ar complex was found to be 
extremely slow and that it makes practically no contribution to the exchange. The rate 
determining mechanism in the metal exchange reaction was the attachment of one 
hydrogen ion to the ligand. Then the La(EDT A )H complex dissociates and Eu(III) can 
complex with the H(EDT Ar3 • The exchange goes nearly to completion, there being no 
back reaction. To obtain more information, they selected another tracer lanthanide ion, 
Ce(III), whose EDTA complex is comparable in stability to that ofLa(EDTAr. This 
time the exchange did not go to completion. They found that the variation in stability of 
the Ln(EDTA)- 1 complexes is determined kinetically by the differences in the 
dissociation rate constants whereas the magnitude of the stability constant is determined 
predominantly by the very large association rate constant. 
Brilcher and Szarvas studied the kinetics of Ce, Nd, Gd, Tb, and Lu isotope­
exchange reaction in weakly acidic medium in the system Ln +3 -Ln(EDTAr. 23 They 
found that the exchange occurs predominantly via the hydrogen ion catalysed 
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dissociation of the Ln(EDTAr complexes. The rate of the exchange reaction decreases 
with increase of the lanthanide atomic number approximately to the extent as the stability 
constant of the lanthanide EDTA complexes increase. Table 2 below illustrates their 
results. 
Ryhl studied the dissociation rates of lanthanum, praseodymium, neodymium, 
europium, erbium, and ytterbium EDT A complexes.18•24 Table 3 below illustrates his 
results. The results for neodymium closely resemble the exchange results found 
previously. The dissociation rates are becoming numerically lower as the atomic number 
of the lanthanide increase, suggesting that the complex is becoming less labile. 
Table 2. Apparent Rate Constants of the Exchange Reactions 
Lanthanide Exchanging k1 
M- 1 sec-• M-2 sec-1 
Ce 1.8 * 103 -
Nd 6.6 * 101 -
Gd 87 2.2 * 10° 
Tb 31 9.5 * 105 
Lu 0.52 5.4 * 103 
Table 3. The Obtained Rate Constants of Dissociation of Lanthanide EDTA Complexes 
Lanthanide Dissociating k1 
M-1 sec-1 M-2 sec- 1 
La 3.7 * lOj 1.9 * 10° 
Pr 1.6 * 103 1.0 * 10° 
Nd 1.09 * l0j 7.0 * 10' 
Eu 4.3 * 10.l 2.8 * 10° 
Er 8.9 7.7 * 104 
Yb 0.76 1.43 * 104 
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The general reaction for the extraction of complexed lanthanides can usually be 
described by an equation of the following type: 
LnL - + 3H2R2 <=> Ln(HR2)3 + H2L -l + Ir (13) 
where LnL- is the lanthanide complex and H2L -2 is the partially protonated complexing 
agent. Again pH plays a crucial role in determining the extent of extraction, and most 
studies employ pH control at all times. Some experimenters added carboxylic acids to 
buffer pH changes. As a bonus, some of these carboxylic acids were found to increase 
separation factors in some systems by further complexing the lanthanide ions. 13 
Experimenters also noted that the addition of an aqueous complexing agent in 
some cases slowed the rate of extraction. 12 Thus began the exploration of non­
equilibrium extraction separations. Maximum selectivity may often be reached by 
monitoring the change in separation factor as a reaction proceeds.25 Non-equilibrium 
extraction exploits the kinetic competition between chelation with the organic extractant 
and complexation with the aqueous complexing agent in order to attain altered separation 
factors. Larger separation factors mean that a smaller number of stages would be 
required for industrial counter-current solvent extraction systems, thus saving time and 
material cost. 
It is generally accepted that the coordination number for trivalent lanthanide ions 
(La+3 to Lu+3) changes from 9 to 8 at gadolinium or nearby.26 The pre-gadolinium, light 
lanthanide ions are larger and have a larger coordination number than the heavy 
lanthanide ions that are smaller. The crossover point is not exactly clear and some 
researchers suggest that the coordination number of the lanthanide is dependent upon the 
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specific complexing agent. 26 In the study of oxygen exchange between trivalent 
lanthanide-EDTA complexes and solvent water, Betts and Voss found that early 
lanthanides exchanged faster than the late lanthanides.27 In the series there seems to be a 
plateau region between Sm and Er where the hydration equilibria occur between two 
types of complexes differing in the number of coordinated water molecules (3 and 2). 
This suggests a gradual change in the coordination number across the series. 
When DTP A is employed in non-equilibrium solvent extraction, the rates of 
extraction are much faster for the light, pre-gadolinium ions, and then slower for the 
heavy lanthanides. The data also indicate a gradual change in rate, not a quantized one, 
across the series. 
C. Summary of Proposed Research 
Most of the published research on non-equilibrium solvent extraction uses DTP A 
as the aqueous complexing agent. 28 Little is known about the use of other complexing 
agents. The research that will be performed here involves finding a suitable complexing 
agent and testing the rates of solvent extraction. Several complexing agents will be tried 
including EDTA, tetraethylenepentamine (tetraen), nitrilotriacetic acid (NTA), and 
diethylenetriamine ( <lien). These represent a hexadentate, pentadentate, tetradentate, and 
tridentate agent respectively. The sole organic extractant-diluent employed is di-2-
ethylhexylphosphoric acid (DEHP A) in kerosene. 
Once a suitable complexing agent is found, single ion extraction data will be used 
to determine separation coefficients p as a function of time. And finally mixed ion 
extraction data will be used to test the separation coefficients p. Judgments will then be 
11 
made regarding the feasibility of improving industrial separations based upon these non­
equilibrium systems. 
12 
CHAPTER 2 
APPARATUS AND TECHNIQUES 
A. Reaction Apparatus 
The apparatus used for the rate studies described in this work was a custom made, 
glass, cylindrical, lidded reaction vessel equipped with baffles and stopcock. (The 
stopcock is located on the bottom face of the cylinder.) The vessel is approximately 17.0 
cm in height, 7.5 cm in diameter, and the baffles extend inward by approximately 0.5 cm. 
For stirring, a CPVC impeller (SX Kinetics, Inc.) and stirring motor (Arrow No. 1750) 
were employed, and all were attached to a stand with standard laboratory clamps ( see 
Figure 1 ). Samples were removed during the solvent extractions for this research: three 
ml were drained at varying intervals during the course of each reaction. Samples were 
centrifuged for approximately 30 (± 5) seconds in order to separate cleanly the aqueous 
and organic phases. The sample aqueous phase was then removed, diluted, and analyzed 
for metal content (see section D). 
B. Solutions 
1. Aqueous Phase 
a. M{NOili_ Stock Solutions 
The aqueous stock solutions were made by dissolving the appropriate metal oxide 
or salt in concentrated nitric acid (Fisher, Certified ACS Plus) and diluting so that the 
solutions were 1.00 M in the appropriate metal ion. For Nd, Sm, Eu, Gd, Dy, Tm, Yb, 
13 
Figure 1. Reaction Apparatus Used For Solvent Extraction Experiments. 
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and Sc, the oxide (Alfa Aesar, 99.9%) was used. Yttrium oxide (Aldrich, 99.99%) was 
also used. For Th and Ho, the chloride (Acros, 99.9%) was used. The nitrate was used 
for Al (Merck, >99.5%) and Er (Acros, 99.9%). 
b. EDT A Stock Solution 
1.00 M EDTA (ethylenediamine tetraacetate, Fisher, Reagent Grade) stock 
solution was made by dissolving 3 72.24 g solid disodium EDT A salt in 300 mL of 
ammonium hydroxide (J.T. Baker, 28-30%) and diluting to 1.000 L. 
c. tetraen Stock Solution 
1.00 M tetraen (tetraethylenepentamine, Acros, >95%) stock solution was made 
by dissolving 94.65 g of liquid in 150 mL deionized water, adjusting the pH to 10.0 (± 
0.3) with ammonium hydroxide, and diluting to 500 mL. 
d. NTA Stock Solution 
1.00 M NTA (nitrilotriacetate, Acros, 99+%) stock solution was made by 
dissolving 137.55 g of solid trisodium NTA salt in 150 mL of 14.8 M ammonium 
hydroxide and diluting to 500 mL. 
e. dien Stock Solution 
1.00 M dien (diethylenetriamine, Acros, 98.5%) stock solution was made by 
dissolving 51.59 g of liquid in 150 mL of deionized water, adjusting the pH to 10.0 (± 
0.3) with ammonium hydroxide, and diluting to 500 mL. 
f. Feed Solutions 
The aqueous solutions involved in the extractions (feed solutions) were made by 
adding 50 mL of the appropriate metal nitrate stock solution to 150 mL of deionized 
water. 100 mL of 1.00 M EDTA, tetraen, or NTA stock solution or 200 mL of 1.00 M 
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dien stock solution was added while stirring. The pH was then brought to approximately 
10.5 (± 0.3) (Corning 313  pH/femperature with "3 in l "  Combo, Gel Filled electrode) by 
adding drops of 14.8 M N�OH. The solution was diluted with deionized water to 500 
mL and aged for a minimum of 2 days. Before the extraction, the pH was readjusted with 
HN03 to the extraction pH and diluted to 1 .000 L with deionized water. This procedure 
forms solutions that are 0.050 M in metal ion and 0. 10  M in the complexing agent where 
the complexing agent is EDT A, tetraen, or NT A, and 0.20 M in complexing agent where 
the complexing agent is dien. These are hereafter referred to as "single-ion solutions." 
Lanthanide binary mixtures were 0. 100 M in metal ion, with each metal 
representing half (0.050 M) and 0.200 M in EDT A. 25 mL of each metal nitrate stock 
solution was added to 50 mL of deionized water. 100 mL of 1 .00 M EDTA was added 
while stirring. The pH was then brought to approximately 10.5 (± 0.3) by adding drops 
of 14.8 M N�OH. The solution was diluted with deionized water to 250 mL and aged 
for a minimum of 2 days. Before the extraction, the pH was readjusted with HN03 to pH 
8.0 (± 0.3) and diluted to 500 mL with deionized water. 
Tertiary mixtures were 0. 1 50 M in metal ion, with each metal representing one 
third (0.050 M) and 0.300 M in EDT A. 25 mL of each metal nitrate stock solution was 
added to 50 mL of deionized water. 150 mL of 1 .00 M EDTA was added while stirring. 
The pH was then brought to approximately 10.5 (± 0.3) by adding drops of 14.8 M 
�OH. The solution was diluted with deionized water to 250 mL and aged for a 
minimum of 2 days. Before the extraction, the pH was readjusted with HN03 to pH 8.0 
(± 0.3) and diluted to 500 mL with deionized water. 
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2. Organic Phase 
Kerosene (Calumet) was the organic diluent used in this extraction system, and 
DEHPA, di-2-ethylhexylphosphoric acid (Rhodia), was the extractant. To make a 1.00 M 
DEHPA solution, a quantity of 83.1 ml ofDEHPA was diluted to 250 mL with kerosene. 
The solution was then washed 3 times with 125 mL of 6.0 M HN03 and 3 times with 125 
mL of deionized water and allowed to stand overnight. 
C. Solvent Extraction 
Solvent extractions were carried out by the following procedure. First, a 100 mL 
quantity of the DEHPA/kerosene mixture was added to the reaction vessel. (In an effort 
to achieve complete mixing, a stirring speed of 1420 rpm was chosen for all of the 
experiments.) Stirring was started and a 100 mL aliquot of the appropriate feed solution 
was added, giving a phase ratio of 1.00: 1.00. A completely opaque homogeneous 
emulsion was formed (Figure 2) so that samples removed during the reaction contained 
approximately equal volumes of the aqueous and organic phases. In this way, the phase 
ratio in the reaction vessel remained virtually unchanged at 1.00: 1.00 throughout the 
course of the reaction. 
The pH was not adjusted during the extractions. As mentioned in section B, the 
feed-solution pH was set to approximately 8.0 (± 0.3) before the extractions, and pH 
paper was used to monitor pH changes during the sampling intervals of the extraction. 
The pH dropped in every case to around 4.0 (± 0.5) within five minutes and remained so 
for the duration of the extraction. 
17 
Figure 2. Thick Emulsion Formed During Solvent Extraction. 
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D. Spectroscopy 
All aqueous metal ion concentrations, with the exception of aluminum (Ill), were 
determined via atomic emission spectroscopy. Aluminum (III) was analyzed via atomic 
absorption spectroscopy (Perkin Elmer, AAnalyst 100). Sample dilutions depended on 
the individual metal and its linear spectroscopic determination range, but in each case 
KCl (Fisher, Certified ACS) was added in order to reduce the possibility of interferences 
as recommended by Perkin Elmer. All standards were diluted from 1000 ppm SpecPure 
AAS standards; each standard contained 0. 10 % KCl. 
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CHAPTER 3 
SINGLE ION RESULTS 
A. Test of Various Ligands 
Solvent extractions were performed on the trivalent cations of aluminum (Ai+\ 
scandium (Sc +3), and yttrium (v+3). Each of these cations at a concentration of 0.050 M 
was complexed with EDTA, tetraen, NTA, and <lien at concentrations of 0. 1 00 M, except 
for <lien, which was at 0.200 M. One-hundred mL of each of these twelve aqueous 
systems was extracted into 100 mL of kerosene layer containing 1 .000 M DEHPA. The 
initial pH value in all cases was 8.0. The pH value in all cases fell to 4.0 (± 0.5) within 
the first five minutes of extraction. At the completion of the extraction procedure, no pH 
value had fallen below 3 .5 (± 0.5). Each of the eleven systems was repeated three to six 
times. The scandium tetraen system was omitted due to the formation of a white 
precipitate during the extraction. Figures 3, 4, and 5, on the following pages, show the 
extraction values as a function of time for the above systems. The data used in these 
figures are recorded in detail in the Appendix, along with standard deviations calculated 
from the extraction percentages. These deviations arise from errors in the system in the 
atomic emission measurements, dilution proceedures, pipetting proceedures, temperature 
variations, phase separation efficiencies, and other items. 
Figures 3-5 illustrate the rate at which each ion extracts with each complexing 
agent. Of the four complexing agents only EDT A and NTA show promise for non-
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equilibrium separations. Tetraen and dien use nitrogen as the binding sites whereas NT A 
and EDT A use a mixture of nitrogen and carboxyl groups. 
Solvent extractions were performed on the trivalent cations of neodymium (Nd+\ 
europium (Eu +3), and ytterbium (Yb +3). These represent an early, middle, and late 
example in the lanthanide series. One-hundred mL of each of these cations at a 
concentration of0.050 M was complexed with NTA at a concentration of0.100 M and 
extracted into 100 mL of kerosene layer containing 1.000 M DEHPA. Figure 6 on the 
following page shows the extraction rates as observed in the single ion study. Each of the 
three systems was repeated three to six times. 
Solvent extractions were performed on the trivalent cations of neodymium (Nd+3) 
and ytterbium (Yb +3). Each of these cations at concentration of 0.050 M was complexed 
with EDTA at concentration of0.100 M. The initial pH value was adjusted from 8.0 to 
10.0 to test the effects of pH on the extraction rates. One-hundred mL of the lanthanide 
complexes are then extracted into 100 mL of kerosene layer containing 1.000 M 
DEHPA. Figures 7 and 8 on the following pages show the extraction rates as observed in 
the single ion study. Each of the ten systems was repeated three to six times. 
At pH 8, the neodymium extraction reached equilibrium in less than five minutes, 
whereas the ytterbium extraction took four days to reach equilibrium. Since EDT A 
appears to be the most promising complexing agent, it will be used as the aqueous 
complexing agent in the remainder of the non-equilibrium extractions. 
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B. Extended Lanthanide Extractions 
Solvent extractions were performed on the trivalent cations of neodymium (Nd+3), 
samarium (Sm+\ europium (Eu+3), gadolinium (Gd+3), terbium (To+3), dysprosium 
(Dy+3), holmium (Ho+\ erbium (Et3), thulium (Tm+3), and ytterbium (Yb+3). Each of 
these cations at concentration of 0.050 M was complexed with EDTA at concentration of 
0.100 M. The initial pH value was adjusted to 8 .0. One-hundred mL of the lanthanide 
complexes are then extracted into 100 mL of kerosene layer containing 1.000 M DEHPA. 
Figure 9 on the following page shows the extraction rates as observed in the single ion 
. study. Each of the ten systems was repeated three to six times. 
Figure 9 illustrates a stepwise progression in the extraction rates as the atomic 
number of the lanthanide increases. It is generally accepted that the coordination number 
for trivalent lanthanide ions changes from 9 to 8 in the region of gadolinium (Gd+3). The 
pre-Gd, early lanthanide ions are larger and have larger coordination numbers than the 
late lanthanide ions which are smaller. This study suggests that gadolinium acts more 
like the earlier lanthanide ions than the later ones. If the difference in rates can be related 
to lanthanide coordination numbers, it is possible that the coordination number 
changeover takes place later than gadolinium in these systems. 
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CHAPTER 4 
MIXED ION RESULTS 
Solvent extractions were performed on a mixture of the trivalent cations of 
neodymium (Nd+3) and ytterbium (Yb +3). The total concentration of metal ions was 
either 0.100 M or 0.050 M with each metal ion accounting for half of the total metal 
concentration. The metal ions were complexed with EDT A at concentration of 0.200 M. 
The initial pH value was adjusted to 8.0. One-hundred mL of the mixed lanthanide 
complexes are then extracted into 100 mL of kerosene layer containing 1.000 M DEHPA. · 
Figure 10 on the following page show� fbe. extraction rates as observed in the mixed ion 
study along with single ion results at 0.050 M metal ion for comparison. Both of these 
systems were repeated three times. 
The extraction rate of Nd+3 has no si�cant change when compared with single 
\ . . ' ion study. The extraction rate of Yb +J decreases �y'. ,This decrease can be the result 
of increased aqueous complexing agent in the aqueo'us phas�. 
Solvent extractions were performed on a mixture of the trivalent cations of 
samarium (Sm +3) and ytterbium (Yb +3). The total concentration of metal ions was 0.100 
M with each metal ion accounting for half of the total metal concentqtt�on. The metal 
ions were complexed with EDT A at concentration of 0.200 M. The initial pH value was 
adjusted to 8.0. One-hundred mL of the mixed lanthanide complexes are then extracted 
into 100 mL of kerosene layer containing 1.000 M DEHPA. Figure 11 on the following 
page shows the extraction rates as observed in the mixed ion study along with single ion 
results at 0.050 M metal ion for comparison. This system was repeated three times. 
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The extraction rate of Sm+ 3 has no significant change when compared with single 
ion study. The extraction rate ofYb+3 decreases slightly. Again, this decrease can be the 
result of increased aqueous complexing agent in the aqueous phase. 
Solvent extractions were performed on a mixture of the trivalent cations of 
gadolinium (Gd+3) and ytterbium (Yb +3). The total concentration of metal ions was 0.100 
M with each metal ion accounting for half of the total metal concentration. The metal 
ions were complexed with EDT A at concentration of 0.200 M. The initial pH value was 
adjusted to 8.0. One hundred mL of the mixed lanthanide complexes were then extracted 
into 100 mL of kerosene layer containing 1.000 M DEHPA. Figure 12 on the following 
page shows the extraction rates as observed in the mixed ion study along with single ion 
results at 0.050 M metal ion for comparison. This system was repeated three times. 
The extraction rate ofGd+3 and Yb+3 decreases slightly when compared with 
single ion study. This decrease can be the result of increased concentration of the 
aqueous complexing agent in the aqueous phase. The larger Gd+3 is the first in this series 
to have a noticeable extraction rate decrease. 
Solvent extractions were performed on a mixture of the trivalent cations of 
dysprosium (Dy+3) and ytterbium (Yb+3). The total concentration of metal ions was 0.100 
M with each metal ion accounting for half of the total metal concentration. The metal 
ions were complexed with EDT A at concentration of 0.200 M. The initial pH value was 
adjusted to 8.0. One-hundred mL of the mixed lanthanide complexes are then extracted 
into 100 mL of kerosene layer containing 1.000 M DEHPA. Figure 13 on the following 
page shows the extraction rates as observed in the mixed ion study along with single ion 
results at 0.050 M metal ion for comparison. This system was repeated three times. 
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The extraction rate of Dy+3 and Yb +J decreases slightly when compared with 
single ion study. This decrease can be the result of increased concentration of the 
aqueous complexing agent in the aqueous phase. 
Solvent extractions were performed on a mixture of the trivalent cations of erbium 
(Er+3) and ytterbium (Yb+3). The concentration of metal ions was 0. 100 M with each 
metal ion accounting for half of the total metal concentration. The metal ions were 
complexed with EDT A at concentration of 0.200 M. The initial pH value was adjusted to 
8.0. One-hundred mL of the mixed lanthanide complexes are then extracted into 100 mL 
of kerosene layer containing 1.000 M DEHPA. Figure 14  on the following page shows 
the extraction rates as observed in the mixed ion study along with single ion results at 
0.050 M metal ion for comparison. This system was repeated three times. 
The extraction rate ofEr+3 and Yb+3 decreases slightly when compared with 
single ion study. This decrease can be the result of increased aqueous complexing agent 
in the aqueous phase. 
Solvent extractions were performed on a mixture of the trivalent cations of 
neodymium (Nd+3), dysprosium (Dy+3), and ytterbium (Yb+3). The total concentration of 
metal ions was 0. 150 M with each metal ion accounting for one third of the total metal 
concentration. The metal ions were complexed with EDT A at concentration of 0.300 M. 
The initial pH value was adjusted to 8.0. One-hundred mL of the mixed lanthanide 
complexes are then extracted into 100 mL of kerosene layer containing 1 .000 M DEHPA. 
Figure 15  on the following page shows the extraction rates as observed in the mixed ion 
study along with single ion results at 0.050 M metal ion for comparison. This system was 
repeated three times. 
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The extraction rate ofNd+3, Dy+3, and Yb+3 decreases when compared with single ion 
study. This decrease can be the result of increased concentration of the aqueous 
complexing agent in the aqueous phase. This time Nd+3 was also affected by the EDTA 
concentration increase. 
The distribution coefficient (D ), defined by equation 5, has been determined for 
each species in the single ion and mixed ion study at every time interval (see Appendix). 
The distribution coefficient was restricted by setting a maximum value of 99 for species 
approaching 100% extraction. This was justified by assuming 1 % error in the average 
percent of maximum extraction value. These D values are used to determine separation 
factor (�), defined by equation 6. Table 4 below gives the max � and time to reach max � 
for the non-equilibrium mixed ion study as well as � for equilibrium systems using 
DEHPA-HCl published by Pierce et al.29 
Table 4. Equilibrium:Non-Equilibrium Separation Factor Comparison 
Ion Pair Max Ji Time Max J3 
mixed ion (min) DEHPA-HCI 
Nd/Yb 355 1 0  2235 
Sm/Yb 383 1 0  447 
Gd/Yb 15.3 1 0  127 
Dy/Yb 37.4 30 19.8 
Er/Yb 8.2 3 4.5 
Nd/Dy (with Yb) 1 9.5 6 1 1 3 
Dy/Yb (with Nd) 13.0 60 19.8 
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CHAPTER S 
CONCLUSIONS 
Equilibrium counter-current solvent extraction is commonly used to separate the 
lanthanide ions. This technique suffers from poor separation factors. This study uses 
non-equilibrium solvent extraction in the hope that separation factors might be enhanced 
under these conditions. Solvent extractions of many of the lanthanide ions in both single 
ion and mixed ion environments have been carried out. These cations were first 
complexed with an aqueous complexing agent and were extracted with DEHP A ( di-2-
ethylhexylphosphoric acid) in an organic phase (kerosene). The complexing agents tried 
include ethylenediaminetetraacetic acid (EDT A), tetraethylenepentamine (tetraen), 
nitrilotriacetic acid (NT A), and diethylenetriamine ( dien). These represent a hexadentate, 
pentadentate, tetradentate, and tridentate agent respectively. EDTA was determined to 
give the best results for non-equilibrium solvent extraction. The rate of extraction 
decreased uniformly across the series and was in agreement with the kinetics of 
lanthanide exchange data.10• 14-16 The breaking of the Ln-EDTA- complex must therefore 
be the rate determining step. Mixed ion solvent extraction results yielded separation 
factors with little to no improvements over equilibrium solvent extractions in most cases. 
The sole exception is the Er/Yb system, which was markedly better. This anomaly was 
repeated numerous times. This exception warrants more investigations. Perhaps one can 
conclude that with a different aqueous complexing agent, a different extractant, different 
40 
extraction times, or adjusting some other factor, the separation factors could be improved 
across the series. That is where this research should be continued. 
41 
REFERENCE LIST 
42 
REFERENCE LIST 
1. Greenwood, N. N.; Earnshaw, A. Chemistry of the Elements, Butterworth-Heinemann 
Publishing Company: Oxford, 1997, p 1228 
2. Buchmeiser, M. R. Reviews in Analytical Chemistry 2001, 20, 161-184 
3. Nash, K. L.; Jensen, M. P. Handbook on the Physics and Chemistry of Rare Earths; 
Gschneidner, K. A.; Eyring, L., Eds; North-Holland Publishing Company, 
Elsevier: North-Holland, N.Y., 2000; Vol. 28, pp 311-371 
4. Peppard, D. F.; Mason, G. W.; Lewey, S. Solvent Extraction Research, 
Kertes, A. S.; Marcus, Y., Eds; Wiley-Interscience: N.Y., 1969; pp 49-57 
5. Gschneider, K. ACS Symposium Series 164 1981 , pp 135-165 
6. Marcus, Y., Gmelin Handbook of Inorganic Chemistry; Moeller, T. ; Kruerke, U. ; 
Schleitzer-Rust, E., Eds. ; Springer-Verlag Publishing; New York, N.Y., 1983, 
vol. D6, pp 1-36 
7. Faris, J.P., Journal of Chromatography, 1968, 32, pp. 795-797 
8. Rousseau, R. W., Handbook of Separation Process and Technology, Ed ; John 
Wiley and Sons; New York, N.Y., 1987, pp 438-464 
9. Peppard, D.F., et al. , Journal of Inorganic and Nuclear Chemistry, 1957, 4, 
pp 334-343 
10. Minagawa, Y; Yajima, F., Bulletin of the Chemical Society of Japan, 1992, 65, 
pp 29-33 
11. Kolarik, Z. ;  Pankova, H., Journal of Inorganic and Nuclear Chemistry, 28, 
pp 2325-2333 
12. Minagawa, Y. ; Kojima, K.; Kaneko, T.; Yajima, F.; Yamaguchi, T.; Miwa, T. ; 
Yoshitomi, F., The Rare Earths in Modern Science and Technology, 1980, 2, 
pp 139- 145 
13. Weaver, B.; Kappelmann, F.A., Journal of Inorganic and Nuclear Chemistry, 1968, 
30, pp 263-272 
14. Habenschuss, A; Spedding, F. H., Journal of Chemical Physics, 1979, 70, p 2797 
43 
15. Habenschuss, A; Spedding, F. H., Journal of Chemical Physics, 1979, 70, p 3758 
16. Habenschuss, A; Spedding, F. H., Journal of Chemical Physics, 1980, 73, p 442 
17. Schwarzenbach, G.; Gut, R.; Anderegg, G. Helvetica Chimica Acta, 1954, 37, p 937 
18. Ryhl, T. Acta Chemica Scandinavica, 1973, 27, pp 303-314 
19. Sinha, S. P., Complexes of the Rare Earths, 1966, Pergamon Press, p 76 
20. Gfeller, Y; Merbach, A. E., Inorganica Chimica Acta, 1978, 29, p 217 
21. Merbach, A; Gnaegi, F., Helvetica Chimica Acta, 1971, 54, p 691 
22. D'Olieslager, W; Choppin, G. R., Journal of Inorganic and Nuclear Chemistry, 
1971, 33, pp 127-135 
23. Brilcher, E; Szarvas, P., Inorganica Chimica Acta, 1970, 4 (4), pp 632-637 
24. Ryhl, T. Acta Chemica Scandinavica, 1972, 26, pp 3955-3968 
25. Azis, A; Matsuyama, H; Teramoto, M, Journal of Chemical Engineering of Japan, 
1995, 28 (5), pp 601-608 
26. Moeller, T; Thompson, L.C., Journal of Inorganic and Nuclear Chemistry, 1962, 
24, pp 499-510 
27. Betts, R. H.; Voss, R.H., Canadian Journal of Chemistry, 1973, 
51, pp 538-544 
28. Matsuyama, H. ; Miyamoto, Y.; Teramoto, M.; Goto, M; Nakashio, F., Separation 
Science and Technology, 1996, 31 (5), pp 687-704 
29. Pierce, T. ; Pech, P. ; Hobls, R., Journal of Chromatography, 1963, 12, p 8 1  
44 
APPENDIX 
45 
APPENDIX: EXPERIMENTAL DATA 
A verage p ercent M E U Ai+3 • h V . C 1 . A ax xtractton or wit anous omp exmg .gents 
Time (min) Al-dien Al-NTA Al-tetraen Al-EDTA 
5 97.5 24.2 99.0 1.5 
10 98.8 37.7 99.2 5.7 
30 99.0 77.6 98.9 8.5 
60 10.8 
90 99. 1  98.4 99. 1  
120 22.0 
150 99.4 98.5 99.5 
180 26.4 
240 99.4 98 .9 99.5 
300 35.9 
00 2:99.0 2:99.0 2:99.0 2:99.0 
Stand d D . f fr Al+3 E t f "th V . C l . A t ar ev1a ions om x rac 10n wt anous omp exmg .gen s 
Time (min) Al-dien Al-NTA Al-tetraen Al-EDTA 
5 1.8 4.4 1.0 1.2 
10 2.0 9.8 0.7 2. 1 
30 0.5 7.0 1.3 1.5 
60 3.3 
90 0.7 2.0 1.3 
120 3. 1 
1 50 0.5 1.9 0.5 
1 80 6. 1 
240 0.6 1 .4 0.7 
300 8.3 
A verage p ercen ax x rac 10n or C W1 anous om :> exmg .gen s t M E t f u S +3 "th V . C l . A t 
Time (min) Sc-dien Sc-NTA Sc-EDTA 
5 99.8 95.0 1.95 
10 2:99.9 95.0 6.02 
30 2:99.9 90.3 6.6 
90 2:99.9 85.0 13.3 
150 2:99.9 14.9 
240 2:99.9 17.6 
00 2:99.0 2:99.0 2:99.0 
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S <lard D . f fr S +3 Extra f tan evta tons om C C ton Wl anous om o exmg gen s .th V . C I . A t 
Time (min) Sc-dien Sc-NTA Sc-EDTA 
5 0. 1 2.7 3 .4 
1 0  0. 1 2.4 2. 1 
30 0. 1 2.5 1 .7 
90 0. 1 1 .9 2.6 
1 50 0. 1 1 .4 
240 0. 1 4.3 
A verage p t M  E ercen ax £ y+3 . th V . C 1 . A xtractton or Wl anous omp exmg .gents 
Time (min) Y-dien Y-NTA Y-tetraen Y-EDTA 
5 2:99.9 30.0 2:99.9 2.0 
1 0  2:99.9 62.2 2:99.9 7.7 
30 2:99.9 88.5 2:99.9 6.8 
90 2:99.9 90.3 2:99.9 1 3 .3 
1 50 2:99.9 91 .3 2:99.9 14.8 
240 2:99.9 92.5 2:99.9 1 7.6 
00 2:99.0 2:99.0 2:99.0 2:99.0 
Stand d D . f fr y+3 E tr f ·th V . C I . A t ar evta tons om x ac ton wt anous omp exmg gen s 
Time (min) Y-dien Y-NTA Y-tetraen Y-EDTA 
5 0. 1 1 .8 0. 1 2.6 
1 0  0. 1 5 .5 0. 1 3 .4 
30 0. 1 3 . 1  0. 1 3 . 1  
90 0. 1 0. 1 0. 1 1 .9 
1 50 0. 1 1 .2 0. 1 2.5 
240 0. 1 0.7 0. 1 2.7 
A verage p t M  E tra f £ L +J ·th NTA ercen ax X c ton or n Wl 
Time (min) Nd-NTA Eu-NTA Yb-NTA 
5 74.4 50.4 38.7 
1 0  77. 1 79.8 53.7 
30 85.8 98.7 83.6 
60 88.7 99.3 95.0 
120 90.6 99.4 99.4 
00 2:99.0 2:99.0 2:99.0 
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Time (min) 
5 
10 
30 
60 
120 
A verai e 
Time (min) 
5 
10 
30 
60 
120 
p 
Standard Deviations from Ln +3 Extraction with NTA 
Nd-NTA Eu-NTA 
7.6 0.2 
3.8 0.2 
7.6 0.1 
4.5 0.1 
4.6 0.1 
ercen ax x ac 10n or WI a t M E tr f £ Nd+3 . th EDT A t S 
Yb-NTA 
1.2 
0.7 
0.4 
0.1 
0.1 
evera 1 I "f 1 H ru 1a p s 
Nd-EDTA Nd-EDTA Nd-EDTA Nd-EDTA Nd-EDTA 
pH 8.0 PH 8.5 PH 9.0 pH 9.5 pH 10.0 
99.0 97.0 68.4 50.0 67.4 
99.0 97.8 84.1 67.0 83.3 
99.1 98.5 95.5 96.0 89.9 
99.1 98.5 97.2 97.0 89.5 
99.1 98.4 97.2 95.9 89.5 
St d d D . f fr Nd+3 E tr f .th EDTA S al In"fal H an ar ev1a ions om x ac 10n WI as ever 1 1 p s 
Time (min) Nd-EDTA 
pH 8.0 
5 0.1 
10 0.1 
30 0.1 
60 0.1 
120 0.1 
A vera� e p ercen ax t M  E 
Time (min) Yb-EDTA 
pH 8.0 
5 14.8 
10 15.8 
30 23.7 
60 35.1 
120 52.1 
Nd-EDTA Nd-EDTA Nd-EDTA Nd-EDTA 
PH 8.5 PH 9.0 pH 9.5 pH 10.0 
0.4 4.7 2.7 2.5 
0.3 3.0 1.2 0.7 
0.1 1.6 1.7 0.1 
0.1 0.2 1.5 0.1 
0.1 0.1 1.2 0.1 
xtractton or Wit at ever ti p s £ Yb+3 • h EDTA S al Ini ·a1 H 
Yb-EDTA Yb-EDTA Yb-EDTA Yb-EDTA 
PH 8.5 PH 9.0 pH 9.5 pH 10.0 
20.4 18.5 13.3 18.8 
20.9 19.2 13.4 17.4 
28.1 24.8 16.2 18.1 
41.2 33.0 21.9 21.8 
55.2 43.5 30.0 25.7 
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S d d D . f fr Yb +3 E tr . "th EDTA S tan ar evia ions om x action wi as evera I I . .  I H mtia p s 
Time (min) Yb-EDTA Yb-EDTA Yb-EDTA Yb-EDTA Yb-EDTA 
5 
10 
30 
60 
120 
A verage 
pH 8.0 pH 8.5 pH 9.0 pH 9.5 pH 10.0 
2.4 7.0 6.9 1.5 5.9 
2.0 9.0 8.8 1. 1 6.0 
1.0 5 .4 6.2 2.6 5.8 
2.2 5 .2 5 .9 3.9 5.7 
2.6 2.2 4.9 6.3 4. 1 
p ercen ax x rac 10n or n wi a i ia p t M E t f fi L +3 'th EDTA t ln'f I H 8 0 
Time Nd+.j Sm+3 Eu+3 Gd+3 Tb+J Dy+J Ho+3 Et3 Tm+3 Yb+J 
(min) 
5 
10 
30 
60 
120 
Time 
(min) 
5 
10 
30 
60 
120 
A 
99.0 99.3 93. 1 95.5 44.8 5 1.9 30.0 24.3 11.3 
99.0 99.7 99.4 99.3 80.7 82.0 40.7 40. 1 11.8 
99. 1 99.7 99.4 99.2 90.2 95 .6 75. 1 72.4 25 .3 
99. 1 99.8 99.4 99.3 91. 1  97.2 94.8 90.4 40.4 
99. 1 99.8 99.4 99.4 88.4 98.3 99.2 96.9 62.6 
S d d D . . fr L +3 E tr . tan ar eviations om n x action wi as mtia D . th EDT A I . . I H 8 0 
Nd+3 Sm+3 Eu+J Gd+J Tb+J Dy+.j Ho+.j Et.j Tm+.j 
0. 1 0. 1 1.3 1. 1 2.4 4.8 1.6 4.8 0.7 
0. 1 0. 1 0. 1 0.3 1.9 2.5 0.9 1.8 1.2 
0. 1 0. 1 0. 1 0. 1 0.4 2.2 0.4 3.0 1.0 
0. 1 0. 1 0. 1 0. 1 0.2 1.5 0.2 1.6 1.9 
0. 1 0. 1 0. 1 0. 1 1.9 0.7 0. 1 0.7 2.8 
14.8 
15 .8 
23.7 
35. 1  
52. 1 
Yb+.j 
2.4 
2.0 
1.0 
2.2 
2.6 
verage p t M E tr f fi Nd Yb M' d . th EDT A t I . f I H 8 0 ercen ax x ac ion or - ixe wi a m ia p 
Time (min) Nd 0.025 M Yb 0.025 M Nd 0.050 M Yb 0.050 M 
3 99.9 7.8 90.0 4.3 
6 99.9 10. 1 96.7 9.8 
10 99.9 16.9 97.8 11. 1 
20 99.9 23.2 97.5 12. 1  
30 99.9 33.5 97.4 17. 1 
60 99.9 45.8 98. 1 21.2 
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S d d D . . fr Nd Yb M' d E tan ar ev1atlons om - 1xe 'th EDTA 1n· · 1 H 8 0  xtractlon w1 as 1t1a p 
Time (min) 
3 
6 
10 
20 
30 
60 
A verage p 
Time (min) 
3 
6 
10 
20 
30 
60 
Nd 0.025 M Yb 0.025 M Nd 0.050 M Yb 0.050 M 
0. 1 
0. 1 
0. 1 
0. 1 
0. 1 
0. 1 
ercent M E ax 
1.3 0.3 2.2 
1.4 1.0 1.8 
2.7 0.9 2.0 
0.2 0.6 1. 1 
0.8 1.2 1.0 
2.5 0. 1 1.7 
fi S Yb M' d . th EDT A I . . 1 H 8 0 xtractlon or m- 1xe W1 at mtla p 
Sm 0.050 M Yb 0.050 M 
84.0 13.2 
96.7 16. 1 
98.9 19.0 
99.2 20.8 
99.0 23.9 
32. 1 
S d d D . . fr S Yb M' d E tan ar ev1at1ons om m- 1xe . h EDT A Ini . 1 H 8 0 xtractlon wit as tla p. 
Time (min) 
3 
6 
10 
20 
30 
60 
A verage p ercent M E ax 
Time (min) 
3 
6 
10 
20 
30 
60 
Sm 0.050 M Yb 0.050 M 
0.7 1.0 
0.2 0.2 
0. 1 1. 1 
0. 1 0.4 
0. 1 0.4 
0.3 
fi Gd Yb M" d "th EDTA Ini . 1 H 8 0 xtract1on or - 1xe W1 at tta p 
Gd 0.050 M Yb 0.050 M 
25.5 9.6 
48.8 10.9 
69.0 12.7 
75.4 17.9 
75.8 21.2 
75.4 26.4 
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Standard D . f fr Gd Yb M. d E t f "th EDTA I "f I H 8 0 evta tons om - txe x rac ton wt as m ta p 
Time (min) Gd 0.050 M Yb 0.050 M 
3 4.4 0.6 
6 2.3 0.5 
10 1.6 0.6 
20 0.9 1.5 
30 1.2 1.2 
60 0.5 0.3 
A verage p ercent M E ax £ D Yb M" d "th EDTA I . .  I H 8 0  xtractton or iy- 1xe WI at mtta p 
Time (min) Dy 0.050 M Yb 0.050 M 
3 39.6 12.5 
6 49.2 15.9 
10 61.9 19.2 
20 80.9 21.4 
30 90.1 24.5 
60 98.0 31.3 
Standard Deviations from Dy-Yb Mixed Extraction with EDTA as Initial pH 8 .0 
Time (min) Dy 0.050 M Yb 0.050 M 
3 8.8 2.8 
6 3.9 0.9 
10 2.7 1.2 
20 3.0 2.7 
30 2.7 3.6 
60 1.1 2. 1 
A verage p ercent Max E  £ E Yb Mi ed "th EDTA Ini ·a1 H 8 0  xtractton or r- X Wl at ti 
Time (min) Er 0.050 M Yb 0.050 M 
3 43.5 8.4 
6 46. 1 9.9 
10 47.3 10.6 
20 5 1.9 16.9 
30 56.5 18.4 
60 62.2 18.2 
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S d d D . . fr E Yb M. d E tan ar ev1at1ons om r- 1xe f "th EDTA 1n·r I H 8 0 xtrac 10n wt as 1 1a p 
Time (min) Er 0.050 M Yb 0.050 M 
3 1.9 0.6 
6 2.2 2.0 
10 2.2 0.8 
20 0.9 1.2 
30 0.4 1.4 
60 0.8 0.7 
A p t M  E t  f £ Nd D Yb M" d "th EDTA t lnifal H 8 0  verage ercen ax x rac 10n or - y- 1xe wt a 1 p Time (min) Nd 0.050 M Dy 0.050 M Yb 0.050 M 
3 65.7 13.0 15.7 
6 77.6 15.7 17.3 
10 8 1.8 19.3 17.2 
20 83. 1 27. 1 16.3 
30 84.0 35.4 19.9 
60 84.7 58.8 18.5 
S d d D . . fr Nd D Yb M. d E t . h EDTA I . .  I H 8 0 tan ar ev1at1ons om - 'Y- 1xe x raction wit as rutla p 
Time (min) Nd 0.050 M Dy 0.050 M Yb 0.050 M 
3 2. 1 1.4 2.7 
6 0.3 1.0 4.5 
10 0.2 0.4 0.5 
20 0.2 1.0 0.8 
30 0.2 1.9 1.5 
60 0.6 2.4 3.2 
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